Abstract. Mammalian genomes feature multiple genes encoding highly related keratin 6 (K6) isoforms. These type II keratins show a complex regulation with constitutive and inducible components in several stratified epithelia, including the oral mucosa and skin. Two functional genes, K6 ␣ and K6 ␤ , exist in a head-to-tail tandem array in mouse genomes. We inactivated these two genes simultaneously via targeting and homologous recombination. K6 null mice are viable and initially indistinguishable from their littermates. Starting at two to three days after birth, they show a growth delay associated with reduced milk intake and the presence of white plaques in the posterior region of dorsal tongue and upper palate. These regions are subjected to greater mechanical stress during suckling. Morphological analyses implicate the filiform papillae as being particularly sensitive to trauma in K6 ␣ /K6 ␤ null mice, and establish the complete absence of keratin filaments in their anterior compartment. All null mice die about a week after birth. These studies demonstrate an essential structural role for K6 isoforms in the oral mucosa, and implicate filiform papillae as being the major stress bearing structures in dorsal tongue epithelium.
Introduction
Keratin intermediate filaments (IF) 1 are heteropolymers of type I and type II sequences that occur in the cytoplasm of all epithelial cells. Consistent with this biochemical requirement, epithelial cells must coordinate the expression of at least one type I and one type II gene to produce a keratin IF network in their cytoplasm (Fuchs and Weber, 1994) . The keratin genes expressed in soft epithelia include the type II K1-K8 and the type I K9-K20. The expression of many type I and type II keratin genes is regulated in a pairwise and differentiation-specific fashion (O'Guin et al., 1990) . Given their properties, abundance, and organization in the cytoplasm, keratin IF are poised to play an important role of mechanical support in epithelial cells and tissues. Such a role has been shown by transgenic mouse studies and through the discovery of mutations affecting keratin proteins in dominantly inherited epithelial fragility syndromes (Fuchs and Cleveland, 1998; Irvine and McLean, 1999; Takahashi et al., 1999) .
Among type II keratins, keratin 6 (K6) is unique in three ways. First, it exists as multiple, highly related isoforms encoded by separate genes within the cluster of functional type II keratin genes. There are six functional K6 genes in human (Takahashi et al., 1995) , two functional K6 genes and two K6 pseudogenes in mouse (Takahashi et al., 1998; Rothnagel et al., 1999) , and potentially, three functional K6 genes in bovine (Ramirez et al., 1995) . The significance of this diversity is unclear, as there is no common pattern of sequence diversification among K6 isoforms (Takahashi et al., 1998) . Second, the K6 genes feature a complex regulation, with distinct constitutive and inducible components in various types of complex epithe-922 lia. Individual K6 genes are differentially regulated in human and mouse skin epithelia (Tyner and Fuchs, 1986; Ramirez et al., 1995; Takahashi et al., 1995 Takahashi et al., , 1998 Rothnagel et al., 1999) . In addition, K6 is ectopically expressed after injury and in diseases involving altered proliferation or differentiation (McGowan and Coulombe, 1998a) . There is no obvious correlation between K6 isoform expression and the features of the epithelia expressing it. Third, inherited mutations affecting the K6a and K6b coding sequences in humans underlie type I (Bowden et al., 1995) and type II (Smith et al., 1998) pachyonychia congenita disease, respectively. These ectodermal dysplasias are characterized by severe dystrophy of the nail plate and alterations in a number of internal stratified epithelia (Irvine and McLean, 1999) . They differ principally in terms of the involvement of stratified epithelia other than nail. Again, the function of K6 isoforms in these epithelia is not readily apparent from the pathology associated with pachyonychia congenita diseases.
To address the issue of K6 isoform function(s), we inactivated the K6 ␣ /K6 ␤ locus in mouse via gene targeting and homologous recombination. The phenotype of K6 null mice points to the essential scaffolding function of K6 ␣ and K6 ␤ isoform proteins in the oral mucosa.
Materials and Methods

Construction of Targeting Vector and Generation of Transgenic Mice
Plasmid NeoTKXho, with functional PGK-Neo (Neo) and MC1TK (TK [thymidine kinase]) cassettes for selection, was obtained from Dr. Jeremy Nathans (Johns Hopkins University, Baltimore, MD) and used to generate the targeting vector. The 5 Ј arm of homology is a 6.0-kb XbaI fragment derived from the upstream regulatory region of the cloned mouse K6 ␣ (mK6 ␣ ) gene. The 3 Ј arm of homology is a 3.8-kb SacI fragment that begins in the 3 Ј end of exon 1 extending through the 3 Ј noncoding region of the cloned mouse K6 ␤ (mK6 ␤ ) gene. Both fragments were blunt end cloned in NeoTKXho, effectively destroying the original XbaI and SacI sites. The targeting construct was linearized at the unique NotI site before transfection. DNA (20 g) was transfected by electroporation into 2 ϫ 10 7 exponentially growing 129/Sv CK35 embryonic stem (ES) cells (Kress et al., 1998 ) using a BioRad Gene Pulser apparatus as described (ColucciGuyon et al., 1994) . After electroporation, ES cells were screened for G418 (GIBCO BRL) and gancyclovir (Syntex Research) resistance for 10 d and genotyped. Targeted ES cells were injected into C57Bl/6 blastocysts and transferred into (C57Bl/6xCBA)F1 pseudopregnant females. Chimeric males, identified by their agouti coat color, were mated with (C57Bl/6xDBA2)F1 females, and the resulting mice heterozygous for the disrupted K6 allele were interbred to obtain the K6 deficient mice. For genotyping, genomic DNA was extracted from mouse tails, digested with XbaI, electrophoresed, and transferred onto nylon membrane (Gene Screen Plus; NEN Life Science Products) for Southern blotting. Random labeled probe was generated using a 1.3-kb fragment within the 5 Ј arm of homology.
RNA Analyses
RNA was isolated using Trizol Reagent (Life Technologies) and quantitated. For reverse transcriptase (RT)-PCR, cDNA was generated from 1 g of RNA (Advantage RT-PCR; CLONTECH Laboratories, Inc.) and PCR was performed using primers specific for mK6 ␣ or mK6 ␤ (Takahashi et al., 1998) . ␤ -Tubulin primers were used as internal controls. PCR conditions were: 4 min at 94 Њ C, 30 cycles of 94 Њ C for 45 s, 60 Њ C for 45 s; 70 Њ C for 2 min, and 10 min at 72 Њ C. The expected PCR products for mK6 ␣ , mK6 ␤ , and ␤ -tubulin are 1.8 kb, 1.8 kb, and 400 bp, respectively. For Northern blot analyses, 10 g of RNA was resolved by formaldehyde-agarose gel electrophoresis, transferred to GeneScreen nylon membrane, and probed with a 400-bp fragment specific for the 3 Ј noncoding region of the mK6 ␤ transcript as described (Takahashi et al., 1998) . After radioautographic exposure, the membrane was stripped and reprobed using a 692-bp fragment corresponding to the neomycin resistant (Neo r ) coding sequence.
Western Blot Analysis
Newborn mice were killed by decapitation and excised tongues were snapfrozen in liquid nitrogen. Total protein extracts were prepared as described (Paladini and Coulombe, 1999) . Protein concentrations were determined using a Bradford Assay Kit (BioRad). Equal amounts of protein were electrophoresed in 8.5% SDS-PAGE gels and electroblotted onto Protran nitrocellulose (Schleicher and Schuell). After rinsing, they were incubated with primary antibody, followed by goat anti-mouse HRP or goat anti-rabbit HRP (1:2,000) following the manufacturer's instruction. Primary antibodies used include rabbit polyclonal antisera directed against K6 and K17 (McGowan and Coulombe, 1998b) , K5 (Lersch et al., 1989) and K16 (Porter et al., 1998) , and mouse mAbs to K4 (Sigma-Aldrich), K14 (Purkis et al., 1990) , and plakoglobin (Transduction Laboratories).
Morphological Studies
For histology, tissues were fixed in Bouin's overnight at 4 Њ C before paraffin embedding. 5-m sections were stained with hematoxylin and eosin. Alternatively, they were immunostained using the antibodies described above and a peroxidase-based detection method (Kirkegaard and Perry Labs). For transmission EM, tongues from newborn mice were fixed in 2% glutaraldehyde, 1% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.2, postfixed in aqueous osmium tetroxide, and embedded in epoxy resin as described (Paladini and Coulombe, 1999) . Thin sections were cut, counterstained with uranyl acetate and lead citrate, and examined using a Philips CM120 electron microscope.
Results
Generation of Mice with a K6 ␣ / ␤ Null Mutation
The linearized K6 targeting vector ( Fig. 1 A) was introduced in the 129/Sv CK35 ES line (Kress et al., 1998) . Out of 450 G418/gancyclovir double resistant ES clones, four showed correct targeting by homologous recombination upon Southern blot analysis (5 Ј side of locus) and PCR (3 Ј side of locus). One correctly targeted line gave rise to germline transmission. To generate mice that are homozygous for the targeted allele, heterozygous males and females were mated. The targeted allele segregated in a Mendelian fashion. Out of 143 mice, 35 were homozygous (24.5%), 73 heterozygous (51%), and 37 wild-type (25.8%) as determined by Southern blot analysis ( Fig. 1 B) . These results indicate that K6 ␣ / ␤ null mice are viable. K6 ␣ / ␤ expression was assessed at the RNA and protein levels in keratinocyte cultures established from newborn pups derived from heterozygous matings. The two isoforms are strongly induced upon placing newborn mouse keratinocytes in primary culture, thus providing a stringent test of whether the K6 locus has been inactivated. Internally controlled RT-PCR was first performed to examine expression at the mRNA level at four days after cell plating. Primers specific for K6 ␣ amplify the expected 1.8-kb product in wild-type and heterozygous samples, but not in homozygous samples (Fig. 1 C) . Identical results are obtained when using primers specific for K6 ␤ mRNA (Fig. 1  C) . A similar PCR-based test for the possibility of a neo-K6 ␤ read-through transcript tested negative (data not shown). Northern analyses were also performed on the same type of RNA samples to confirm these results (Fig. 1  D) . When probing for the 3 Ј noncoding region of K6 ␤ , a strong hybridization band with expected mobility ( ‫ف‬ 2 kb; Takahashi et al., 1998 ) is readily detected in heterozygous mouse samples, but not in homozygous samples (Fig. 1 D) . Reprobing the stripped membrane with a probe specific for the Neo r sequence yielded strong hybridization to a single band of ‫ف‬ 1.3 kb only in heterozygous and homozygous samples (Fig. 1 D) .
Equal amounts of total proteins extracted from primary keratinocytes were subjected to SDS-PAGE and visualized by Coomassie staining. In wild-type and heterozygous cells, bands corresponding to K5, K6, K14, K16, and K17 are present (Fig. 1 E) . In cells derived from homozygous mice, the band corresponding to K6 has disappeared. Western blot analysis was performed on these samples using a rabbit antiserum directed against a peptide that is conserved at the COOH terminus of K6 ␣ / ␤ (McGowan and Coulombe, 1998b). Strong immunoreactivity for K6 is present in wild-type and heterozygous mouse samples, but not in homozygous mouse samples (Fig. 1 F) . Both the Coomassie-stained gel and K6 immunoblot suggest that K6 levels are reduced by half in heterozygous mice. Likewise, the levels of type I keratins, especially K17, appear to be reduced in null mouse samples. Additional studies are required to establish these as consistent findings. Together, these analyses establish that mice homozygous for the targeted allele do not express the K6 ␣ and K6 ␤ mRNA, and are K6 protein null.
Homozygous K6 ␣ / ␤ Null Mice Suffer from Severe Blistering in the Oral Mucosa
Pups born from K6 ␣ / ␤ null heterozygous mice appear normal at birth. All newborns initially feed and display a full stomach of milk as determined by visual inspection. Within a few days, a subset of mice ( ‫ف‬ 25%) become smaller, weak, and have noticeably less, and eventually no milk in their stomachs (Fig. 2 A) . These mice generally die between five to ten days postpartum, weighing about half of their littermate controls. Genotype analysis reveals that these are the K6 ␣ / ␤ null mice. At the time of death, these mice do not show any obvious developmental anomaly other than reduced size and frail appearance. The fur and nails appear normal (Fig. 2, D 
and E).
K6 is constitutively expressed in several of the epithelia making up the oral mucosa. With the K6 ␣ / ␤ null mice dying possibly due to poor feeding, we examined the gross Figure 1 . Generating K6 null mice. A, Targeting strategy used to inactivate the K6 ␣ and K6 ␤ isoforms genes. A 6.0-kb XbaI fragment (5 Ј side) and a 3.8-kb SacI fragment (3 Ј side) were blunt-end cloned on either side of a Neo r cassette in plasmid NeoTKXho. A proper recombination event removes the entire coding sequences of mK6 ␣ , the intergenic sequences ( ‫ف‬ 13 kb), and the first half of exon 1 (including the start of translation) in mK6 ␤ , and regenerates the XbaI site at the 5 Ј end of the 5 Ј arm of homology in the recombined allele. X, XbaI; S, SacI. B, Southern blot analysis on XbaI digested genomic DNA reveals a 6.0-and a 7.2-kb band corresponding to wild-type and recombined alleles, respectively. C, RT-PCR was performed on total RNA isolated from primary keratinocytes cultured from newborn pups using K6 ␣ -specific or K6 ␤ -specific primers. Samples were removed after various number of cycles to visualize product accumulation. ␤ -Tubulin primers were included as an internal control. D, Northern blot analysis was performed on total RNA (10 g) extracted from primary keratinocytes using probes specific for either the 3 Ј end of mK6 ␤ or Neo r . E, Proteins were isolated from primary keratinocyte cultures, resolved via SDS-PAGE, and visualized by Coomassie staining. F, Western blot analysis of the samples shown in E using an antiserum directed against a peptide sequence that is conserved between both K6 ␣ and K6 ␤ . Recombinant K6 ␣ is loaded in lane 1. anatomy of the oral mucosa in dissected preparations. The dorsal surface of the tongue (Fig. 2 C) and the ventral surface of the upper palate (data not shown) are covered with white plaques located towards the posterior end of the mouth in K6 ␣ / ␤ null mice. Wild-type (Fig. 2 B) and heterozygous littermates (not shown) showed no signs of these lesions.
Histological studies were conducted to investigate the oral lesions in homozygous null mice. Examination of hematoxylin and eosin-stained sections confirmed the occurrence of severe blistering in the posterior region of the tongue and upper palate in homozygous mice, as compared with wild-type controls and heterozygous mice (Fig.  3, A-F) . The blisters extend across the dorsal surface of the tongue, with the plane of cleavage located within the suprabasal layer of dorsal tongue and upper palate epithelia (Fig. 3, E and F) . Within such blisters, the epithelium is thickened and shows signs of intraepithelial edema. Beneath the plane of cleavage, several rows of cells remain attached to the extracellular matrix, whereas above, the epithelial architecture is destroyed, giving way to cell debris and inflammatory cells. The anterior region of the tongue and upper palate displays a normal morphology at this level of resolution (Fig. 3, G and H) . Mild cytolysis can occasionally be seen in the esophagus, but not in the forestomach of null mice (data not shown).
Immunostaining of similar sections confirmed the lack of K6 ␣ / ␤ protein in oral mucosa of K6 null mice (Fig. 3 J) . In wild-type tongue sections, K6 staining occurs in the suprabasal layer of the ventral tongue, in the upper and lower palate, and buccal mucosa. In dorsal tongue epithelium, a strong signal occurs in fungiform (data not shown) and filiform papillae (Fig. 3 I) . Based on antibody staining, K5 is expressed in the basal layer throughout the oral mucosa of wild-type mice (Fig. 3 K) . In K6 ␣ / ␤ null mice, a normal pattern of K5 immunoreactivity is seen in intact epithelia, while the signal extends into the suprabasal layer in the blister floor (Fig. 3 L) . Strong immunoreactivity for K4, a major type II keratin in the oral mucosa (O'Guin et al., 1990) , occurs in the interpapillary regions of the dorsal tongue for both control and null mice (Fig. 3, M and N) . Interestingly, antibodies to K4 faintly stain the disorganized suprabasal layers in the blister roof, where the papillae are difficult to outline. Antibodies to K17, a potential type I partner for K6, display strong reactivity with the epithelium of the filiform papillae and fungiform papillae, and weaker reactivity with basal cells throughout the dorsal tongue mouse (Fig. 3 O) . In null mice, K17 antibodies stain the basal layer and like K5, the signal extends into the suprabasal layers in blistered epithelium (Fig. 3 P) . Follow-up studies are needed to carefully assess the fate of K17 protein in the absence of K6 isoforms in complex tissues such as filiform papillae. The available data indicate that K6 ␣ / ␤ proteins are essential to maintain the mechanical integrity of several types of epithelia in the oral mucosa. They also show that in the absence of trauma, there are no obvious anomalies in the morphogenesis and differentiation of the various types of epithelia in the oral mucosa.
Absence of Keratin IF in the Anterior Compartment of the Filiform Papillae
The dorsal tongue epithelium is covered in four different types of lingual papillae: fungiform, circumvallate, foliate, and filiform, the latter being the most abundant (Hume and Potten, 1976) . Three distinct programs of epithelial differentiation are executed in filiform papillae, giving rise to the anterior (AC), posterior (PC), and buttress (BC) columns (Fig. 4 A) . In situ hybridization using probes that are specific for K6␣ (Fig. 4 B) or K6␤ (Fig. 4 C) mRNAs in wild-type samples establishes that both isoforms are expressed in the anterior and buttress columns. We next assessed the ultrastructure of filiform papillae using samples harvested from mice born that day (P1) to avoid any extensive damage caused by suckling.
At the ultrastructural level in wild-type mice, differentiating keratinocytes in the anterior column feature electron dense granules (Fig. 4 D) similar to those found in the granular layer of epidermis (Manabe and O'Guin, 1994) .
Posterior column keratinocytes have a rounder shape and feature large bundles of densely packed keratin IF, but no keratohyalin granules (Fig. 4 D) . These cells express the hard keratins that are characteristic of hair and nails (Manabe and O'Guin, 1994) . No obvious alterations are present in the filiform papillae of heterozygous mice. In contrast, samples taken from the same region in K6␣/␤ null mice show dramatic alterations in anterior column keratinocytes (Fig. 4 E) readily visible through their cytolytic appearance and unusually clear cytoplasm. These cells appear to have a normal complement of keratohyalin granules and desmosomes, but seem to completely lack keratin IF (Fig. 4 E) . To confirm the latter, we examined samples taken from the anterior region of newborn (P1) tongues, Figure 3 . Histological analysis of the oral mucosa in K6 null mice. A-H, Hematoxylin and eosin staining of wild-type, heterozygous, and null mice tongues. In wild-type mice, the upper palate exhibits normal epithelial differentiation (A) and the dorsal tongue shows welldeveloped filiform papillae (B). Similar results are found in heterozygous mice (C and D). In K6 null mice, the upper palate contains large amounts of cellular debris facing the oral cavity (E). F, Shows the transition zone between unaffected and affected dorsal tongue epithelium. Blisters (bl) form as a result of cleavage within the suprabasal layers of the epithelium. The tips of both wild-type and null mice tongues are similar at low magnification (G and H). I-P, Immunohistochemical staining of wild-type and K6 null tongue. Antibodies to K6 shows reactivity in wild-type, but not in null mouse tongue sections (I and J). The immunostaining reaction in these samples was overdeveloped in an attempt to detect any residual K6 expression in K6 null mice tongues. Antibodies to K5 stain the basal layer of wild-type tongues (K) while staining the basal and adjacent suprabasal cells in blistered dorsal epithelium (L). K4 antibody staining detects the interpapillary region in both types of samples. The regular staining pattern is severely disturbed in blistered epithelium (M and N). Wild-type staining for K17 shows strong reactivity in the papillae (O), whereas reactivity adjacent to the blister is basal and restricted to the lower most portion of blistered epithelium (P). Bars: (A-F, I-P) 200 m; (G and H) 100 m.
since it is subjected to less trauma (Fig. 2 C) . In comparison to wild-type (Fig. 4 F) , the anterior column cells in null mouse samples have no visible keratin IF, whereas differentiating cells in the posterior column feature a welldeveloped array of keratin IF bundles (Fig. 4 G) . These findings suggest that anterior column cells depend upon K6 isoform proteins for the elaboration of a keratin IF array, and that their absence account for the early stages of blister formation in dorsal tongue epithelium.
Expression Levels of Other Keratin Proteins in K6␣/␤ Null Tongue Epithelia
Western blot analysis was next performed on protein extracts prepared from whole tongues (Fig. 5 A) . An mAb to plakoglobin, a component of desmosomes and adherens junction, was used to control for protein loading. The K6 antiserum detected the expected ‫06ف‬ kD antigen(s) in wild-type and heterozygous, but not in homozygous null samples. As compared with controls, K5 and K4 protein levels do not appear to be altered in null samples. The levels of K16 and K17, the presumed pairing partners for K6, do not appear to be significantly altered either, once protein loading differences are taken into account (see plakoglobin blot). However, it is conceivable that the likely induction of K16 and K17 gene expression in blistered epithelium (e.g., see Fig. 3 P) could mask a decrease in the steady state levels of these proteins in intact tissue. 
Lack of Detectable Alterations in Nail Epithelia
The dominant clinical trait of all pachyonychia congenita patients is a severe thickening and dystrophy of the nail owing to hyperproliferation and aberrant differentiation in the nail bed epithelium (see McGowan and Coulombe, 2000) . Examination of histological cross-sections of the nail tissue shows that at the time of death (less than five to ten days after birth), no major differences in morphology can be observed in null mice as compared with wild-type (Fig. 5, B and C) .
Discussion
Targeted inactivation of the K6␣ and K6␤ isoform genes in the mouse genome results in the complete absence of detectable K6 protein in relevant epithelia and the appearance of severe blisters in the oral mucosa. These blisters develop early after birth, coinciding with the onset of suckling. They occur in the posterior region of the dorsal tongue epithelium and the upper palate directly above it, where suckling produces the most mechanical rubbing (Koch et al., 1997) . Correlating with the onset of blistering, the mice fail to adequately feed and gain weight. All homozygous K6 null mice become very weak and die about seven days after birth. In addition to the original mixed genetic background, the same phenotype was observed in the C57/Bl6 and 129 SvJ inbred stains (data not shown). These findings suggest that K6 isoform proteins play an essential structural role in many epithelia within the oral mucosa. This includes the filiform papillae, which are poised to play a major role in handling mechanical forces in the oral mucosa given their shape, properties, number, and localization. A similar structural scaffolding function has been described for several other keratins (see Fuchs and Cleveland, 1998; Irvine and McLean, 1999; Takahashi et al., 1999) . Our studies so far do not address the impact of secondary alterations in the steady state levels of other keratin proteins in K6␣/␤ null epithelial cells. This represents an important, but complex issue that can be best addressed in follow up studies at the cellular level.
The severity of the oral blisters seen in the absence of K6 proteins contrasts with those resulting from an absence of K4, another prominent type II keratin found in the oral mucosa. The K4 null mice feature subclinical blistering associated with mild cytolytic changes in the oral mucosa, tongue, and esophagus (Ness et al., 1998) . In dorsal tongue, the K4-K13 pair is strongly expressed in the postmitotic layers of the interpapillary epithelium (O'Guin et al., 1990) . The differences noted between K4 null and K6 null mice suggest that the integrity of filiform papillae represents a more critical determinant of the mechanical properties of dorsal tongue epithelium than is the interpapillary epithelium. However, when analyzed for its keratin protein profile the K4 null tongue epithelium show an upregulation of a ‫-06ف‬kD band, likely a type II keratin (Ness et al., 1998) . There is no evidence for an increase in the levels of a known type II keratin in K6␣/␤ null mice, providing yet another explanation for the mild nature of the K4 null phenotype as compared with K6␣/␤ null mice.
At the time of death, K6 null mice do not show any obvious alteration in nail morphology, a finding that contrasts sharply with the clinical finding in pachyonychia congenita patients. It is possible that K6 null mice die too Figure 5 . Additional analyses of K6 null mice. A, Examination of keratin protein levels in tongue epithelium. Western blot analysis was performed on 2 g of total protein extracts from wildtype, heterozygous, and homozygous samples with various keratin-specific antibodies as indicated. An additional blot was reacted with antiplakoglobin (PG) to provide an internal reference for protein loadings. The K6 antibody does not detect any K6 protein the tongue extracts. No consistent change is observed in the steady state levels of other keratins. B and C, Histology of nail tissue. Hematoxylin and eosin staining of nail cross-sections from 10-d-old wild-type (B) and K6␣/␤ null (C) mice. At this age, the proximal nail fold (pnf), matrix (m), nail bed (b), and nail plate (np) all appear normal. young to develop nail changes. In support of this, visible nail lesions develop over months after birth in pachyonychia congenita patients (Joseph, 1964) . Alternatively, this discrepancy could reflect the existence of differences in the functional anatomy of mouse and human nail epithelia. Consistent with this, the nail bed epithelium is significantly shorter in mouse compared with human. Finally, it is not clear whether the nail bed alterations that result from inherited point mutations or small deletions in K6 coding sequences correspond to a loss-or gain-of-function phenotype (see Coulombe, 1998a, and Irvine and McLean, 1999, for discussions) . Experiments in which the lifespan of K6 null mice is extended may shed some light on this issue.
Oral mucosa lesions also develop in pachyonychia congenita patients, whom often feature oral leukoplakia on the lateral margins of the tongue and buccal mucosa along the interdental lines (Gorlin et al., 1990 ). It appears, however, that the severity of the oral lesions is significantly greater in K6 null mice than in pachyonychia congenita patients. Two arguments can account for this difference. First, it seems likely that induction of wild-type K6 isoform genes in response to tissue damage (see Takahashi et al., 1995) attenuates the dominance of the mutated allele in pachyonychia congenita patients. Second, differences exist in the morphology of filiform papillae in mouse and human tongue: a single spine projects from the base of the papilla in mouse, whereas multiple spines are seen in human (Kobayashi et al., 1994) .
The phenotype of K6␣/␤ null mice is strikingly different from that of transgenic mice expressing a dominant negative mutant K6␣ gene . The latter mice feature spectacular skin lesions early after birth, but their oral mucosa is reportedly normal. The reasons for this are unclear at the present time, but may include strain-related differences.
